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ABSTRACT 


Differential  scanning  calorimetry  (DSC)  was  used  to  detect  microstructural 
changes  resulting  from  strain-controlled  fatigue  exposure  of  aluminum  alloy  7050. 

Two  starting  conditions  were  investigated:  a GP  zone  T6X  temper  and  an  overaged 
T73651.  The  calorimetric  signature  of  the  microstructure  was  determined  for  sam- 
ples that  had  been  cycled  to  failure  at  strains  of  ± 0.3,  ± 0.6,  and  ± 1.5%.  Some 
samples  of  T6X  were  also  fatigued  to  failure  with  a small  positive  or  negative  mean 
strain  offset,  and  others  were  cycled  to  30  or  70%  of  their  expected  life  at  ± 1.5%. 
Thermodynamic  and  kinetic  analyses  of  the  calorimetric  results  revealed  a pronounced 
effect  of  fatigue  at  ± 1.5%  strain  on  the  reaction  enthalpy  and  reaction  kinetics  of 
the  GP  zone  dissolution  peak  of  T6X.  The  reaction  enthalpy  decreased  systematically 
as  the  number  of  cycles  increased.  No  significant  effects  of  fatigue  on  the  calori- 
metric results  were  observed  in  any  of  the  T73651  samples,  or  in  the  T6X  samples  that 
were  fatigued  at  ±0.3  and  ±0.6%.  Small  differences  between  the  samples  fatigued  with 
positive  and  negative  mean  strain  were  found.  The  calorimetric  results  were  not 
affected  by  sample  location,  i.e.,  surface  versus  bulk. 


Based  upon  these  results,  the  characteristics  of  a potential  "calorimetric  fa- 
tigue gauge"  were  outlined.  Such  a gauge  would  only  be  sensitive  to  low  cycle 
"plastic"  fatigue  and  would  produce  a cumulative  damage  parameter,  thus  indicating 
the  percentage  of  lifetime  expended.  The  simplest  interpretation  of  the  calorimetric 
results  suggests  that  fatigue  cycling  above  the  elastic  limit  caused  large  scale  re- 
version of  GP  zones,  while  the  semicoherent  p'  was  unaffected.  A more  definitive 
interpretation  will  require  detailed  analysis  of  the  reaction  kinetics  and  further 
evaluation  of  the  microstructures. 
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1.  INTRODUCTION 


Fatigue  damage  is  a vital  factor  in  the  structural  integrity  of  aircraft.  In- 
creasing efforts  are  being  made  to  include  fatigue  consideration  in  aircraft  design 
(e.g.,  Ref.  1)  and  to  monitor  actual  fatigue  exposure  of  aircraft.  Current  fatigue 
monitoring  techniques  range  from  complicated  calculations  of  theoretical  load  histor- 
ies for  specific  structural  members  using  recorded  kinematical  data  (e.g.,  Mach  num- 
ber, altitude,  aircraft  weight,  maneuver  type,  etc.)  to  routine  in-service  visual  in- 
spection for  fatigue  cracking.  No  one  of  these  techniques  is  entirely  satisfactory 
and  many  fatigue  tracking  programs  use  a variety  of  techniques  (Ref.  2).  Among  those 
currently  used,  passive,  local  fatigue  damage  indicators  have  proven  to  be  cost  ef- 
fective and  useful.  The  advantages  and  disadvantages  of  various  types  of  passive 
sensors  have  been  recently  reviewed  (Ref.  3);  the  most  satisfactory  appears  to  be  the 
Mechanical  Strain  Recorder,  built  by  Leigh  Instruments  Ltd.  for  the  U.S.  Air  Force, 
which  is  currently  using  it  in  the  F-16  aircraft  tail  number  tracking  program.  This 
sensor  is  a modification  of  the  Prewitt  Scratch  Strain  Gauge  (Ref.  4)  and  records  a 
local  load  history  on  a steel  tape.  The  tape  lasts  for  two  months,  at  which  time  it 
must  be  removed.  The  load  history  is  then  read  into  a computer  and  subsequently 
passed  through  a rainflow  type  program  that  calculates  the  cumulative  fatigue  damage. 

An  alternate,  more  direct  approach  to  the  problem  of  monitoring  fatigue  damage 
is  presented  in  this  report.  The  central  thesis  of  this  work  is  that  fatigue  loading 
causes  a modification  of  the  precipitate  microstructure  of  commercial  age-hardening 
aluminum  alloys.  Thus,  a technique  which  accurately  senses  the  extent  of  this  micro- 
structural  modification  may  be  capable  of  measuring  fatigue  damage  and  hence,  indi- 
cate remaining  fatigue  life.  Such  a technique  would  be  unusually  direct.  It  would 
specifically  measure  the  quantity  of  interest,  pre-crack  fatigue  damage,  without  the 
need  for  intervening  steps  such  as  recordings,  calculations,  predictions,  etc.  The 
critical  step  in  this  technique  is  sensing  the  microstructural  changes  and  correla- 
ting them  with  fatigue  exposure. 

The  theoretical  basis  for  this  work,  that  fatigue  causes  modifications  to  the 
precipitate  microstructure  of  age-hardening  aluminum  alloys,  is  amply  documented  in 
the  literature  (Refs.  5 - 13),  and  has  been  recently  reviewed  (Refs.  14  - 16).  In 
brief,  dislocation  motion  through  microstructures  containing  shearable  precipitates 
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results  in  changes  in  the  precipitates . These  changes  have  been  described  as  re- 
version, overaging,  or  disordering  (Refs,  9 - 13)  and  occur  at  persistent  slip 
bands.  These  bands  are  apparently  free  of  precipitates  (Refs.  17,  18).  A measure- 
ment of  the  extent  of  precipitate  reversion  should  therefore  be  indicative  of  the 
extent  of  pre-crack  fatigue  damage.  The  degree  of  damage  that  can  be  detected  in 
the  microstructure  before  cracking  occurs  is  a function  of  the  imposed  strain  ampli- 
tude (e.g..  Refs.  5-7);  thus,  the  effects  of  low  and  high  cycle  fatigue  are  ex- 
pected to  be  different. 

In  previous  work,  we  have  established  the  utility  of  Differential  Scanning 
Calorimetry  (DSC)  as  a rapid,  quantitative,  and  inexpensive  means  for  precipitate 
characterization  in  high  strength  aluminum  alloys  (Refs.  19,  20).  The  solid-state 
transformations  which  occurred  during  thermal  analysis  in  a scanning  calorimeter  were 
characterized  by  thermodynamic  and  kinetic  parameters,  and  the  precipitate  species 
participating  in  the  transformations  were  identified  by  hot-stage  transmission  elec- 
tron microscopy.  Using  DSC,  we  have  characterized  differences  in  the  matrix  precip- 
itate microstructures  between  7075,  7050,  and  RX720  aluminum  alloys  (Refs.  19,  20). 

In  addition,  we  have  found  that  tensile  deformation  significantly  affects  the  micro- 
structure of  7075-T6,  as  determined  by  DSC.  Based  on  these  results,  the  present  work 
sought  to  utilize  the  DSC  technique  as  a fatigue  damage  indicator.  Our  objective  was 
to  determine  if  the  DSC  technique  could  indicate  the  extent  of  fatigue  damage,  and 
hence  could  be  used  as  a "calorimetric  fatigue  gauge".  The  effect  of  high  and  low 
cycle  fatigue  on  the  DSC  behavior  of  two  tempers  of  aluminum  alloy  7050  was  examined. 
The  tempers  were  a high  strength,  GP  zone,  T6X,  and  an  overaged,  n' , T73651. 
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2.  EXPERIMENTAL  PROCEDURES 
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The  primary  source  of  data  for  this  investigation  was  differential  scanning 
calorimetry  (DSC) . DSC  measurements  were  made  on  samples  of  aluminum  alloy  7050- 
T73651  and  T6X  after  prescribed  amounts  of  fatigue  damage  had  been  introduced  during 
strain-controlled  fatigue  testing.  Fatigue  testing  was  performed  in  accord  with 
current  standards  of  good  practice,  and  the  DSC  measurements  were  made  using  tech- 
niques that  we  have  developed.  Details  of  the  various  experimental  procedures  are 
given  below. 

SAMPLE  PREPARATION 

The  starting  material  was  a 45mm  (1-3/4  in.)  thick  x 735mm  (29  in.)  wide  plate 
of  7050-T73651.  The  plate  was  first  reduced  to  25mm  (1  in.)  thickness  by  milling 
10mm  (3/8  in.)  from  each  surface.  Twenty-five  millimeters  (1  in.)  were  also  re- 
moved from  each  edge  of  the  width  in  order  to  avoid  possible  sample  nonuniformities 
at  the  edge  of  the  plate.  Sixty  sample-starting  blocks,  25mm  x 25mm  x 140mm  (1  in. 
x 1 in.  x 5 1/2  in.)  were  cut  with  the  140mm  (5  1/2  in.)  length  in  the  long  trans- 
verse direction  of  the  plate. 

To  obtain  specimens  with  an  essentially  GP  zone  matrix  microstructure  (T6X 
temper.  Ref.  20)  some  blocks  were  heat  treated  at  480°C  for  a minimum  of  6 hours, 
water  quenched,  and  aged  in  an  oil  bath  at  120°C  for  24  hours.  Quenching  was  accom- 
plished by  dropping  the  block  from  a vertical  tube  furnace  into  a water  bath.  Micro- 
structural  uniformity  of  both  the  T6X  and  T73651  sample  blocks  was  checked  by  sli- 
cing one  block  of  each  temper  into  1.25mm  (0.050  in.)  thick  sections  and  measuring 
the  DSC  characteristics  of  alternate  sections.  The  microstructures  were  found  to  be 
essentially  uniform  throughout  both  blocks. 

Fatigue  test  specimens  were  then  machined  from  the  sample  blocks.  The  fatigue 
specimen  configuration,  containing  an  11.5  x 11.5mm  (0.45  x 0.45  in.)  reduced  cross 
section,  is  shown  in  Fig.  1.  The  surface  was  left  in  an  as-machined  condition. 

FATIGUE  TESTING 

The  specimen  configuration,  shown  in  Fig.  1,  was  chosen  because  of  the  successful 
experience  of  our  laboratory  with  this  specimen  in  a recent  low-cycle  fatigue  test 
program.  The  flat  sides  permit  easy  attachment  of  strain  gauges  which  were  used 
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during  set-up  to  ensure  precise  alignment  of  the  sample.  Self-aligning  Wood's 
metal  grips  were  used;  they  were  re-melted  if  the  strain  gauges  showed  any  residual 
bending  strain.  Fatigue  of  the  samples  was  performed  on  an  MTS  servo-hydraulic 
testing  machine,  with  a clip-on  extensometer  providing  the  signal  for  strain  control 
of  the  tests.  A sample  mounted  in  the  machine  ready  to  be  tested  is  shown  in  Fig.  2. 

Twenty-four  samples  were  cycled  to  failure  in  constant  amplitude  strain  con- 
trolled tests  with  zero  mean  strain.  The  strain  amplitudes  varied  from  +0.1  to  +2%. 
Additional  tests  were  performed  at  a strain  amplitude  of  +1.75%  and  a mean  strain  of 
+0.25%  and  -0.25%.  In  addition,  samples  were  fatigued  to  30  and  70%  of  the  expec- 
ted lifetime  at  +1.5%  strain  amplitude  with  zero  mean  strain. 

DIFFERENTIAL  SCANNING  CALORIMETRY  (DSC) 

After  fatigue  exposure,  the  threaded  ends  of  the  samples  were  cut  off  and  the 
center  portion  was  sliced  into  1.25mm  (0.050  in.)  thick  longitudinal  sections.  Slic- 
ing was  performed  on  a precision  crystal  cutting  machine  using  a high  speed  diamond 
blade  cooled  by  a liberal  flow  of  coolant.  Before  slicing,  the  failure  initiation 
site  was  identified  by  low-power  visual  inspection,  and  the  slices  were  indexed  such 
that  slice  number  1 contained  the  initiation  site,  as  shown  schematically  in  Fig.  3. 
Subsequently,  5.5mm  (0.219  in.)  diameter  discs  were  punched  from  the  slices.  The 
discs  were  indexed  with  a letter,  A being  closest  to  the  failure  site. 


DSC  measurements  were  made  on  the  5.5mm  (0.219  in.)  diameter  x 1.25mm  (0.050 
in.)  thick  discs  using  a DuPont  900  or  990  thermal  analyzer.  These  tests  were  made 
in  a manner  identical  to  that  described  elsewhere  (Ref.  19) . All  tests  were  made  at 
a heating  rate  of  10°C/min;  thus,  a typical  scan  took  approximately  fifty  minutes  to 
complete.  A pure  aluminum  sample  of  equal  mass  was  used  as  a reference  material. 

The  raw  AT  vs.  T data  were  digitized  and  converted  to  C^  vs.  T data  using  computer- 
ized data  reduction  procedures.  Subsequently,  a linear  baseline  was  fit  to  each 
curve  and  a AC^  vs.  T curve  was  obtained.  This  curve  shows  the  portion  of  the  measured 
heat  capacity  which  is  attributable  to  solid-state  reactions  occurring  in  the  sample. 

The  temperature  of  maximum  reaction  rate  (T  ) , reaction  enthalpy  (AH  ) , and  rate  con- 
+ + P r 

stants  (E  , AS+,  and  AG+)  were  determined  from  the  AC  vs.  T curves  using  computer 
a p 

programs  that  we  have  developed.  Formal  definitions  of  these  quantities  and  a dis- 
cussion of  their  physical  significance  have  appeared  elsewhere  (Refs.  19,  20). 
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The  strain  amplitude-lifetime  characteristics  that  were  measured  for  the  T6X 
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and  T73651  tempers  of  7050  are  shown  in  Fig.  4.  No  significant  difference  between 
tempers  was  detected.  Examination  of  the  fracture  surface  at  low  power  revealed  that 
most  of  the  area  was  typical  of  a ductile  overload  failure,  with  a small  fatigue 
crack,  initiation  site  usually  located  at  a corner  of  the  square  cross  section.  No 
significant  differences  in  fracture  mode  were  detected  between  T6X  and  T73651. 

DSC  OF  FATIGUED  7050-T73651 

The  ACp  vs.  T results  for  four  representative  samples  of  7050-T73651  are  shown 
in  Fig.  5.  One  sample  was  in  the  as-received  condition;  each  of  the  others  had  un- 
dergone fatigue  to  failure  at  the  indicated  strain  amplitude.  Two  large  endothermic 
reaction  peaks  are  evident  in  each  of  the  curves.  Fatigue  exposure  at  ±2.0%  strain 
amplitude  appears  to  have  caused  a slight  decrease  in  the  area  of  peak  I and  a slight 
increase  in  the  area  of  the  doublet  peak  III.  These  trends  are  supported  by  the 
data  in  Table  1,  which  is  a summary  of  the  DSC  observations  on  this  temper.  The  er- 
ror limits  listed  in  Table  1 are  one  standard  deviation  of  the  data.  For  peak  I, 
fatigue  exposure  tends  to  decrease  the  peak  temperature  and  the  heat  of  reaction. 
These  changes  are  not  large  and  barely  exceed  the  standard  deviation.  For  peak  III, 
the  peak  temperature  seems  to  decrease  and  the  reaction  enthalpy  increases  with  in- 
creasing strain  amplitude.  Again,  the  changes  are  only  slight  and  barely  exceed  the 
standard  deviation  of  the  data.  The  activation  energy  decreases  slightly,  but  the 
activation  entropy  and  activation  free  energy  are  unchanged. 

DSC  OF  FATIGUED  7050-T6X 

Representative  ACp  vs.  T results  for  the  T6X  temper  after  fatigue  to  failure  at 
several  strain  amplitudes  are  shown  in  Fig.  6.  In  this  case,  cycling  to  failure  at 

* 

a strain  amplitude  of  ±15%  has  caused  a significant  decrease  in  the  areas  of  peak  I 
and  peaks  IIA  and  IIB.  Cycling  to  failure  at  ±0.3  or  ±0.6%  did  not  have  as  pro- 


*Note  that  although  the  same  nomenclature  is  used  to  describe  peak  I in  T6X  and 
T73651,  the  peak  occurs  at  a different  temperature  and  involves  different  precipi- 
tate phases  in  the  two  tempers. 
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Fig.  5 Effect  of  Cycling  to  Failure  at  Various  Strain  Amplitudes  on  Heat  Capacity 
of  7050- T7 3651;  plotted  as  AC„  vs.  T 


AS-RECEIVED 


at  Various  Strain  Amplitudes  on  Heat  Capacity 


nounced  an  effect.  A summary  of  the  data  for  these  conditions  is  given  in  Table  2. 

A significant  decrease  in  AHf  and  Tp  for  peak  I was  observed  at  a strain  amplitude 
°f  ±1.5%.  Concurrently  Ea  and  AS^  increased,  while  AG^  was  unchanged.  For  peaks 
IIA  and  IIB  the  activation  parameters  show  too  much  scatter  to  allow  interpretation, 
but  cycling  at  ±1.5%  caused  a decrease  in  AH^  for  both  reactions  and  a decrease  in 
Tp  for  IIA.  Within  the  statistical  limits  of  error,  the  data  show  no  effect  of  fa- 
tigue exposure  on  peak  III.  This  is  contrary  to  the  impression  created  by  Fig.  6, 
where  it  appears  that  the  area  of  the  first  sector  of  the  peak  III  doublet  decreased 
at  ±1.5%.  In  the  analysis  procedure  the  two  sections  were  combined  and  treated  as 
one  peak;  this  resulted  in  the  data  shown  in  Table  2.  This  procedure  was  adopted 
because  of  previous  experience  and  because  of  the  difficulty  of  separating  these  two 
peaks  which  overlap  significantly.  In  addition,  individual  DSC  traces  such  as  those 
in  Fig.  6 can  be  nonrepresentative.  The  satistical  summary  of  several  runs  is  a more 
reliable  guide.  The  results  shown  in  Table  2 indicate  that  fatigue  to  failure  at 
±1.5%  strain  amplitude  had  a significant  effect  on  the  precipitate  microstructure  in 
7050- T6X. 

The  results  of  less-than-lifetime  fatigue  tests  at  ±1.5%  strain  amplitude  on 
7050-T6X  are  shown  in  Fig.  7.  Samples  were  fatigued  at  30  and  70%  of  their  expected 
life-times,  removed  from  the  testing  machine,  sectioned,  and  then  analyzed  by  DSC. 

As  seen  in  Fig.  7,  the  area  of  peak  I appeared  to  decrease  systematically  with  in- 
creased fatigue  cycling.  This  observation  is  supported  by  the  data  in  Table  3, 
which  shows  that  the  heat  of  reaction  of  peak  I decreased  systematically  with  in- 
creasing fatigue  exposure.  The  activation  free  energy  remained  constant  and  the  ac- 
tivation energy  and  entropy  both  increased  significantly.  The  peak  temperature 
dropped  from  191  to  183°C  between  0 and  30%  of  the  lifetime,  and  then  remained  con- 
stant to  failure.  Peak  IIA  behaved  in  a similar  manner,  although  the  reduction  in 
AH^  was  not  as  gradual  and  the  activation  parameters  showed  too  much  scatter  to  be 
of  use.  Peak  IIB  showed  a small  decrease  in  AH^_.  For  peak  III,  all  of  the  param- 
eters were  largely  unaffected,  with  the  exception  of  AH^,  which  appeared  to  first 
decrease  and  then  increase.  Unfortunately,  the  value  of  AH^  at  failure  showed  an 
unusually  large  scatter  band,  thus  complicating  the  analysis. 

Finally,  the  effect  of  a non-zero  mean  strain  on  7050-T6X  was  investigated. 

The  results  are  shown  in  Fig.  8.  The  data  for  a sample  cycled  to  failure  at  +1.5/ 
-2%  (-0.25%  mean  strain)  is  similar  to  that  for  one  cycled  to  failure  at  ±1.5%. 
Cycling  at  +2/-1.5%  (+0.25%  mean  strain)  however,  resulted  in  somewhat  less  of  a 
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Fig.  7 Effect  of  Percentage  of  Fatigue  Lifetime  at  ±1.5%  Strain  Amplitude  on  Heat 
Capacity  of  7050-T6X;  plotted  as  AC  vs.  T 
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decrease  in  peak  I.  The  results  shown  in  Table  4 confirm  this  observation.  The 
data  for  peaks  IIA,  IIB,  and  III  are  sensibly  identical  for  the  three  conditions. 

The  only  significant  difference  between  the  samples  occurred  for  peak  I.  When  cy- 
cled to  failure  with  a 0.25%  tensile  mean  strain,  a smaller  decrease  in  AH  and  low- 

+ r 
er  values  of  E^  and  AS  were  observed.  Referring  to  Table  3,  we  see  that  this  sam- 
ple behaved  somwhat  like  a sample  that  was  fatigued  for  only  50  to  70%  of  its  life 
at  ±1.5%. 

EFFECT  OF  SAMPLE  LOCATION  ON  DSC  RESULTS 

Since  fatigue  failure  is  a surface  sensitive  property,  several  experiments  were 
performed  in  an  attempt  to  evaluate  the  effect  of  sample  location  on  the  DSC  results. 
Values  of  AH^  as  a function  of  distance  from  the  surface  for  four  specimens  of  7050- 
T73651  are  shown  in  Table  5.  The  unstrained  samples  were  taken  from  a 25mm  (1  in.) 
thick  starting  block  and  the  other  samples  had  been  fatigued  to  failure  at  the  indi- 
cated strain  amplitude.  All  samples  were  1.25mm  (0.050  in.)  thick.  It  can  be  seen 
that  the  samples  taken  from  fatigued  specimens  displayed  at  least  as  much  uniformity 
of  DSC  response  as  the  unstrained  samples.  Thus,  within  the  standard  deviation,  no 
effect  of  distance  from  the  surface  was  observed  in  any  of  these  samples. 

Similar  data  for  specimens  in  the  T6X  temper  are  shown  in  Table  6.  These  samples 
were  also  1.25mm  (0.050  in.)  thick.  It  can  be  seen  that  in  all  three  cases,  i.e., 
unstrained,  high  cycle  fatigue  to  failure,  and  low  cycle  fatigue  to  failure,  there 
was  no  significant  effect  of  distance  from  the  surface  on  the  reaction  enthalpies. 

The  results  in  Table  7 show  that  there  may  be  a small  effect  of  disc  location  within 
a slice  on  the  reaction  enthalpies.  The  effect  appears  to  have  been  systematic  for 
peak  I,  but  was  not  so  for  the  other  three  peaks.  Since  only  a limited  number  of 
measurements  were  made,  these  data  are  inconclusive,  although  potentially  interest- 
ing. 

A final  experiment  was  performed  in  which  the  proportion  of  surface  material  in 
a sample  was  maximized.  Discs  punched  from  1.25mm  (0.050  in.)  thick  surface  slices 
were  hand  ground  to  a thickness  of  0.25mm  (0.010  in.)  while  preserving  the  external 
surface  intact.  Measurements  were  then  made  using  the  DuPont  990  Thermal  Analyzer 
at  high  sensivitity.  These  results  are  compared  to  results  obtained  from  similar 
(0.25mm)  discs  that  were  taken  from  the  mid-thickness  (bulk)  of  the  sample;  they 
are  shown  in  Table  8 for  T6X  and  T73651  after  fatigue  to  failure  at  various  strain 
amplitudes.  Results  from  1.25mm  thick  samples  are  included  in  Table  8 for  compari- 
son. Once  again,  no  systematic  difference  between  surface  and  bulk  samples  could 
be  detected. 
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TABLE  1 THE  EFFECT  OF  CYCLING  TO  FAILURE  AT  V 


±2.0  46 


061 8-01 2W 


PEAKI 

0Hf 

E. 

AS* 

2.63±0.37 

16.4H.0 

-41.1  ±2.2 

2.84±0.13 

16.6H.1 

-40312.1 

2.42±0.2 

18.511.3 

-36.412.7 

2.09±0.28 

17.3103 

-38.312.3 

TABLE  2 THE  EFFECT  OF  CYCLING  TO  FAILURE  AT  VARIOU 


■ 

■ 

PEAKI 

PEAK  IIA 

1 

tm 

AH, 

MSm 

AG* 

TP 

AHr 

m 

AS* 

maa 

ES 

0 

19112 

2.4210.13 

28±2 

-14±3 

33 

22412 

-0.72i0.09 

5316 

35H2 

34 

HHHPP' 

±0.3 

10® 

193H 

2.4610.18 

29±2 

-11±5 

33 

226H 

-0.7510.1 1 

62H2 

53124 

35 

249±t 

±0.6 

19012 

2.4610.16 

3013 

-7±7 

32 

22412 

-0.7810.1 1 

52±8 

3U16 

35 

247±J 

±1.5 

183±2 

0.6810.15 

3514 

+6±8 

32 

213H 

-0.3110.1 1 

63±7 

60H8 

33 

250±1 
i 
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TABLE  3 THE  EFFECT  OF  PERCENT  OF  FATIGUE  LIFETIME 


PER. 

PEAKI 

PEAK  IIA 

n 

LIFE- 

TIME 

H 

AHr 

m 

D 

B 

B 

AHr 

■ 

AS* 

B 

0 

B 

19112 

2.4210.13 

28±2 

-1413 

33 

22412 

-0.72i0.09 

5316 

35±12 

34 

30 

20 

1.1410.1 1 

30i1 

-8±3 

32 

21711 

-0.39i0.02 

73±7 

74±16 

36 

2431 B 

70 

46 

0.9310.13 

3314 

1±9 

32 

215H 

-0.3410.02 

6718 

64H6 

34 

249±1 

100 

a 

0.6810.15 

3514 

618 

32 

213H 

-0.31  ±0.11 

63±7 

60±18 

33 

0618-014  W 


TABLE  4 THE  EFFECT  OF  CYCLING  TO  FAILURE  WITH  A NO 


BBS 

■■■ 

PEAK  1 

PEAK  IIA 

' 

H 

fl 

AHf 

D 

AS* 

n 

AHf 

E. 

AS* 

■ 

D 

+0.26 

77 

180±3 

0.8910.19 

31i2 

-6±3 

32 

21513 

-0.40l0.04 

48±8 

29±13 

32 

wm 

0 

65 

18312 

O.681O.I6 

3514 

618 

32 

213H 

-0.3U0.11 

63±7 

60±18 

33 

25011 

-0.26 

58 

17911 

0.6310.15 

36 1 3 

7±7 

32 

• 

21112 

-0.45i0.03 

56±7 

27±15 

41 

246±3 

i 
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jCI*  OF  CYCLING  TO  FAILURE  AT  VARIOUS  STRAIN  AMPLITUDES  ON  7060-T73651 


PEAKI 

PEAK  III 

'r 

E. 

AS* 

AG* 

TP 

AH, 

E. 

AS* 

AO* 

B3±0.37 

16.4*1.0 

-41.1*2.2 

36.4 

403*4 

8.63*0.81 

11.2*0.4 

-60.1*0.6 

60.6 

14*0.13 

16.6*1.1 

-40:9*2.1 

36.6 

397*6 

9.12*0.63 

11.4*0.2 

-69.4*0.4 

49.9 

18.6*1.3 

-36.4*2.7 

36.2 

396*9 

9.42*093 

10.4*0.5 

-61.0*1.0 

49.9 

09*0  28 

17.3*09 

-38.3*2.3 

34.8 

392*6 

10.2*0.4 

99*0.6 

-61.8*1.1 

49.7 

T OF  CYCLING  TO  FAILURE  AT  VARIOUS  STRAIN  AMPLITUDES  ON  7050-T6X 


PEAK  IIA 


PEAK  IIB 


PEAK  III 


— — 

E. 



AG  * 

TP 

AH, 

t7. 

AS* 

AG* 

TP 

AH, 

E. 

AS* 

ag* 

0.09 

63*6 

35*12 

34 

248*1 

-0.86*0.18 

51*12 

24*23 

37 

406*5 

8.16*0.68 

12.6*0.8 

-68*1 

50.4 

0.11 

62*12 

63*24 

35 

249*1 

-0.92*0.17 

46*4 

15*8 

37 

407*3 

8.19*0.64 

12.7*0.7 

-57*1 

50.4 

0.11 

52*8 

31*16 

36 

247*2 

-1.00*0.18 

40*8 

5*15 

37 

404*3 

8.02*0.82 

12.6*0.6 

-66*2 

499 

0.11 

63*7 

60*18 

33 

260*1 

-0.66*0.16 

48*7 

21*12 

36 

395*6 

897*1.26 

12.4*0.4 

-67*1 

499 

[ 

r OF  PERCENT  OF  FATIGUE  LIFETIME  AT  ±1.5%  ON  7050-T6X 

PEAK  IIA 

PEAK  IIB 

PEAK  III 

E. 

AS* 

AG* 

TP 

AH, 

E. 

AS* 

AG* 

TP 

AH, 

E. 

AS* 

AG* 

53*6 

35*12 

34 

248*1 

-0.86*0.18 

51*12 

24*23 

37 

405*5 

8.16*098 

12.6*09 

-68*1 

50 

|oj02 

73*7 

74*16 

36 

243*6 

-0.61*0.17 

33*9 

-9*18 

37 

397*2 

8.06*0.30 

129*0.3 

-67*6 

50 

002 

67*8 

64*16 

34 

249*1 

-0.75*0.08 

42*4 

8*7 

37 

397*6 

7.71*0.40 

13.1*09 

-67*1 

50 

011 

63*7 

60±18 

33 

260*1 

-0.66*0.16 

48*7 

21*12 

36 

395*6 

897*1.26 

12.4*0.4 

-57*1 
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’ OF  CYCLING  TO  FAILURE  WITH  A NON-ZERO  MEAN  STRAIN  ON  7050-T6X 


L peak  ha 

PEAK  IIB 

PEAK  III 

E. 

AS* 

AG* 

TP 

AH, 

E. 

AS* 

AG* 

TP 

AH, 

E. 

AS* 

AG* 

UM 

48*8 

29*13 

32 

249*3 

-0.80*0.13 

40*2 

3*5 

37 

-400 

8.03*098 

12.0*0.6 

-69*1 

50 

L11 

63*7 

60*18 

33 

260*1 

-0.56*0.16 

48*7 

21*12 

36 

396*6 

897*1.28 

12.4*0.4 

-67*1 

49 

103 

66*7 

27*16 

41 

246*3 

-091*0.06 

39*9 

2*4 

37 

-399 

8.16*0.17 

12.1*09 

-68*1 

60 
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TABLE  5 THE  EFFECT  OF  DISTANCE  FROM  THE  SURFACE 
ON  AHf  OF  7050 -T73651 


e 

8 (mm) 

PEAKI 

PEAK  Ml 

0 

0 

2.74 

9.59 

2.6 

3.24 

10.23 

5 

2.96 

9.35 

7.5 

3.20 

9.99 

10 

4.13 

12.24 

15 

2.47 

7.26 

3.12  ± 0.57 

9.78  ± 1.60 

±0.3  TO  FAILURE 

0 

3.00 

9.60 

1.26 

2.89 

9.25 

2.5 

2.79 

9.28 

2.89  ± 0.11 

9.38  ± 0.19 

±0.6 TO  FAILURE 

0 

2.28 

11.05 

1.25 

2.30 

10.77 

2.5 

2.34 

10.39 

3.75 

2.07 

9.42 

2.25  ±0.12 

10.41  ± 0.71 

± 2 TO  FAILURE 

0 

2.36 

10.32 

1.25 

2.24 

10.47 

2.5 

2.39 

10.55 

2.33  ± 0.08 

10.45  ± 0.12 

0249-0 14W 
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TABLE  6 THE  EFFECT  OF  DISTANCE  FROM  THE  SURFACE  ON  AH,  OF  7050-T6X 


1 

« 

8 (mm) 

PEAK  1 

PEAK  IIA 

PEAK  IIB 

PEAK  HI 

0 

0 

2.155 

-0.733 

-0.740 

7.603 

2.5 

2.636 

-0.620 

-0.594 

7.715 

5 

2.389 

-0.678 

-0.821 

7.893 

7.5 

2.442 

-0.681 

-0.618 

8.672 

10 

2.402 

-0.779 

-1.022 

8.735 

12.5 

2.472 

-0.744 

-0.853 

9.387 

2.42  ±0.16 

-0.69  ± 0.09 

-0.78  ±0.16 

8.33  ± 0.71. 

0 

0 

3.024 

-0.876 

-0.937 

10.966 

2.5 

3.654 

-0.870 

-1.025 

11.010 

5 

3.574 

-0.908 

-1.251 

11.113 

7.5 

2.482 

-0.666 

-0.817 

8.797 

10 

2.302 

-0.769 

-0.956 

7.866 

/ 

• 

3.01  ± 0.62 

-0.82  ± 0.10 

-059  ±0.16 

9.95  ± 1.52 

± 0.3  TO  FAILURE 

0 

2.527 

-0.669 

-0.777 

8.984 

1.25 

2.566 

-0.660 

-0.804 

8.585 

<1 

2.5 

2.493 

-<'.672 

-0.800 

8.577 

1 

2.53  ± 0.04 

-0.67  ± 0.01 

-0.79  ± 0.02 

8.72  ± 0.23 

±0.6  TO  FAILURE 

0 

2.729 

-0.724 

-0.946 

9.508 

! 

1.25 

2.577 

-0.583 

-0.662 

8.631 

2.5 

2.406 

-0.653 

-0.754 

9.240 

3.75 

2.409 

-0.612 

-0.721 

8.448 

2.63  ± 0.16 

-0.64  ± 0.06 

-0.77  ± 0.12 

8.96  ± 0.60 

± 1.5  TO  FAILURE 

0 

0.545 

-0.432 

-1.031 

8.522 

1.25 

0.443 

-0.485 

-0.964 

8.195 

2.5 

0.423 

-0.476 

-0.990 

8.269 

3.76 

0.576 

-0.364 

-0.758 

8.062 

5 

0.696 

-0.321 

-0.645 

8.616 

0.54  ±0.11 

-0.42  ± 0.07 

-0.88  ±0.17 

8.33  ± 0.23 

0618-009W 


TABLE  7 THE  EFFECT  OF  DISC  LOCATION  WITHIN  A SLICE  ON  AH  OF 
7050-T6X  FOR  A SAMPLE  FATIGUED  TO  FAILURE  \T  ±1.5% 


DISC 

PEAK  1 

PEAK  IIA 

PEAK  IIB 

PEAK  III 

n 

0.733 

-0.389 

-0.824 

8.407 

E 

0.560 

-0.426 

-0.836 

7.953 

c 

0.581 

-0.381 

-0.766 

9.322 

□ 

0.443 

-0.485 

-0.964 

8.195 

■ 

0.58  ±0.12 

-0.42  ± 0.05 

-0.85  ± 0.08 

8.72  ± 0.65 
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TABLE  8 CHARACTERISTICS  OF  PEAK  I FOR  SURFACE  AND  BULK  SAMPLES  OF 
7050  USING  0.25mm  (0.010  IN.)  SLICES 


TEMPER 

SAMPLE 

e 

wm 

AH, 

H 

AS* 

AG* 

T73651 

SURFACE 

±0.3 

220 

2.76 

21.0 

-27 

33 

T73651 

BULK 

±0.3 

220 

2.53 

19.2 

-31 

34 

T73651 

BULK  (1.25mm) 

±0.3 

212 

2.84  ±0.13 

16.6 

-41 

34 

T73651 

SURFACE 

±0.6 

212 

1.87 

16.3 

-37 

33 

T73651 

BULK 

±0.6 

212 

2.17 

16.4 

-36 

33 

T73651 

BULK  (1.25mm) 

±0.6 

210 

2.16 

20 

-34 

33 

T73651 

SURFACE 

±2 

210 

2.01 

17.0 

-35 

33 

T73651 

BULK 

±2 

213 

1.57 

19.4 

-30 

33 

T73651 

BULK  (1.25mm) 

±2 

209  ± 1 

2.09  ± 0.28 

17.3 

-38 

35 

El 

SURFACE 

±0.3 

200 

2.38 

30.9 

-3 

31 

EM 

BULK 

±0.3 

198 

2.22 

29.9 

-5 

31 

BULK  11.25mm) 

±0.3 

193 

2.46 

29 

-11 

30 

SURFACE 

±1.6 

185 

0.75 

BULK 

±1.5 

185 

0.93 

T6X 

BULK  (1.26mm) 

±1.5 

183  ± 2 

0.68  ± 0.15 

0249-0 17W 
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4.  DISCUSSION 

The  results  of  this  study  show  a significant  and  systematic  effect  of  low  cycle 
fatigue  on  the  DSC  characterization  of  the  microstructure  of  7050-T6X.  DSC  did  not 
detect  major  microstructural  changes  in  the  T73651  temper,  nor  did  it  detect  damage 
due  to  high  cycle  fatigue  in  T6X.  The  changes  detected  were,  however,  multifold  and 
specific.  They  lead  to  a relatively  clear-cut  delineation  of  the  potential  utility 
of  a calorimetric  fatigue  gauge  and,  in  addition,  they  provide  scientific  insight  in- 
to the  nature  of  fatigue  damage  in  age  hardening  aluminum  alloys.  These  two  facets 
of  the  results  will  be  discussed  in  turn. 

CALORIMETRIC  FATIGUE  GAUGE 

The  absence  of  any  large  effect  in  7050-T73651  eliminates  this  temper  as  a can- 
didate material  for  a calorimetric  fatigue  gauge.  In  contrast,  the  results  from  the 
fatigued  to  failure  T6X  samples  show  a statistically  significant,  easily  measurable 
effect  on  AHr  of  peak  I for  e = + 1.5%.  The  other  strain  amplitudes,  +0.3  and  HK).6%, 
both  of  which  are  below  the  elastic  limit,  showed  no  effect  (see  Table  2).  Since 
1.5%  is  well  above  the  elastic  limit  (approximately  0.7%  strain  for  this  temper) 
this  suggests  that  the  DSC  technique  is  only  sensitive  to  damage  introduced  by  the 
plastic  strain  component  of  the  total  strain.  This  is  thought  to  be  a reasonable 
hypothesis  since  particle  cutting,  sensed  by  DSC,  requires  significant  dislocation 
motion,  while  zero  plastic  strain  ("slipless")  fatigue  has  been  shown  to  result  in 
very  limited  dislocation  motion  (Ref.  7).  The  percentage  of  lifetime  fatigue  test 
results  at  +1.5%  strain  (c.f.  Table  3)  showed  that  the  AHr  of  peak  I decreased  reg- 
ularly with  increasing  cycling.  This  behavior  is  plotted  in  Fig.  9.  The  exact  na- 
ture of  the  dependence  of  AHr  on  the  percent  of  lifetime  expended  is  not  discernable 
in  Fig.  9 due  to  the  scarcity  of  data  points,  but  it  is  clear  that  a systematic  re- 
lationship exists  between  the  two  parameters.  Based  upon  these  results,  the  expect- 
ed characteristics  of  a simple  calorimetric  fatigue  gauge  using  7050-T6X  can  be  out- 
lined. 

Such  a gauge  would  have  a well-defined  threshold  at  the  elastic  limit;  it  would 
not  detect  any  fatigue  damage  below  about  0.7%  strain.  For  strains  above  0.7%,  the 
AHr  peak  I would  decrease  in  a not  yet  defined  systematic  way.  Since  this  would 
be  a one  parameter  gauge  (AHr) , there  would  be  no  possibility  of  separating  strain 
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amplitude  and  number  of  cycles.  Thus,  only  a cumulative,  above  threshold,  damage 
parameter  would  be  available.  The  gauge  would  sense  percentage  of  lifetime  expended 
in  a manner  similar  to  the  S/N  Fatigue  Life  Gauge  (Ref.  21)  but  only  for  strains 
above  threshold.  The  simplicity  of  the  gauge,  the  specificity  of  its  response  to 
plastic  strains,  and  the  rapidity  of  data  analysis  might  make  this  a useful  item 
for  monitoring  low  cycle  fatigue  damage. 

The  above  discussion  has  dealt  solely  with  one  parameter,  the  AHr  of  peak  I in 
T6X.  The  results  showed  that  this  quantity  responded  most  consistently  and  system- 
atically to  fatigue  cycling;  thus,  discussion  of  a potential  calorimetric  fatigue 
gauge  was  confined  to  this  parameter.  However,  various  other  effects  were  noted. 
These  effects  provide  information  on  the  effect  of  fatigue  on  the  microstructure  of 
the  alloys  studied,  and  may  ultimately  lead  to  a more  powerful  fatigue  gauge.  These 
observations  will  now  be  discussed. 

MICROSTRUCTURAL  EFFECTS 

Despite  a significant  effort,  none  of  the  experiments  described  in  this  report 
showed  any  effect  of  sample  location  on  the  DSC  measurements  of  microstructural 
changes  due  to  fatigue.  Comparisons  between  bulk  and  surface  slices  from  T73651 
(Table  5)  or  T6X  (Table  6)  showed  no  difference  between  the  slices.  Likewise,  disc 
location  within  a slice  (Table  7)  appeared  not  to  be  significant  to  the  DSC  results. 
Finally,  thin  slices  (0.25mm)  from  the  surface  were  not  significantly  different  from 
thicker  ones  (1.25mm),  from  the  surface  or  elsewhere  (Table  8).  In  retrospect,  these 
results  are  easily  understandable.  The  DSC  approach  taken  in  this  study  was  only 
sensitive  to  the  plastic  component  of  the  fatigue  strain,  as  discussed  above.  Once 
the  elastic  limit  is  exceeded,  large  scale  dislocation  motion  occurs.  On  a macro- 
scale this  motion  is  relatively  uniformly  distributed  throughout  the  sample.  Thus, 
a technique  which  senses  only  the  effects  of  this  motion  will  show  a uniform  response 
throughout  the  sample.  DSC,  as  employed  in  this  study,  measured  fatigue  damage  to 
the  GP  zones  as  indicated  by  a decrease  in  their  heat  of  reaction  during  dissolution. 
In  order  to  sense  a measurable  effect,  a significant  fraction  of  the  zones  had  to  be 
cut  by  dislocations.  This  required  large  scale  dislocation  motion;  hence,  no  effect 
of  sample  location  was  noted.  Fatigue  in  the  elastic  strain  regime  is  a far  more 
surface  sensitive  process.  Recent  work  by  Duquette  and  Swan  (Ref.  7)  has  shown  that 
in  high  cycle  (low  strain)  fatigue  of  Al-5.0%Zn-2.5%Mg  pre-crack  dislocation  motion 
occurred  mainly  in  the  first  0.025mm  (O.OOl  in.)  thick  surface  layer.  Thus,  in  order 
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for  the  DSC  technique  to  detect  effects  in  this  elastic  fatigue  regime,  much  thinner 
surface  samples  would  be  required. 


The  DSC  results  from  the  fatigue  to  failure  experiments  in  which  a tensile  or 
compressive  mean  strain  was  imposed  showed  a detectable  difference  between  the  two 
types  of  mean  strain  (c.f.  Table  4).  The  data  from  the  test  in  which  a compressive 
mean  strain  was  imposed  were  virtually  the  same  as  the  data  from  the  zero  mean  strain 
test,  but  the  tensile  mean  strain  test  showed  a slightly  smaller  decrease  in  AH^  of 
peak  I at  failure.  This  effect  did  not  correlate  with  the  number  of  cycles  to  fail- 
ure, which  were  greater  in  the  tensile  mean  strain  tests.  It  seems  that  the  bulk 
microstructure  had  suffered  less  damage  at  failure  in  the  tensile  mean  strain  test 
than  in  the  others.  No  explanation  can  be  offered  for  this  interesting  result,  ex- 
cept for  the  rationalization  that  if  a large  fraction  of  the  tensile  strain  is  spent 
in  opening  a crack,  then  less  total  dislocation  motion  will  occur  in  the  bulk  of  the 
sample;  hence,  less  damage  will  be  detected  in  the  DSC  analysis,  as  was  found. 

Several  general  observations  can  be  made  on  the  effect  of  fatigue  on  the  micro- 
structures of  these  alloys.  The  results  show  that  fatigue  cycling  in  the  plastic 
strain  regime  leads  to  a virtual  elimination  of  peak  I in  7050-T6X.  This  effect  is 
uniform  throughout  the  sample  and  the  decrease  in  the  AHr  of  peak  I is  proportional 
to  the  number  of  fatigue  cycles  until  failure.  This  leads  to  the  interpretation  that 
the  reduction  of  AHr  of  peak  I is  caused  by  large  scale,  macroscopically  homogeneous 
motion  of  dislocations  and  their  effect  on  the  existing  GP  zone  microstructure. 

Since  peak  I is  due  to  the  dissolution  of  GP  zones,  the  simplest  interpretation  of 
these  data  is  that  the  GP  zones  are  eliminated  by  the  dislocation  motion.  This  would 
occur  by  repeated  shearing  of  the  zones  until  they  were  so  small  that  they  were  be- 
low a critical  size.  The  increased  surface  to  volume  ratio  would  cause  them  to  be- 
come thermodynamically  unstable,  whereupon  they  would  dissolve  spontaneously.  Alter- 
natively, the  particles  might  not  dissolve  at  room  temperature,  but  one  might  imaginei 

} 

that  the  increased  surface  to  volume  ratio  could  result  in  the  observation  of  a sig- 
nificantly reduced  heat  of  reaction  during  a DSC  run.  Simple  calculations  using 
the  measured  heat  of  reaction  and  an  assumed  surface  energy,  typical  of  fully  coher- 
ent precipitates,  do  not  support  this  latter  view.  A third  possibility  would  re- 
quire that  the  particle-dislocation  interaction  causes  some  unspecified  change  in 
the  structure  of  the  GP  zone  which  significantly  reduces  the  molar  heat  of  dissolu- 
tion. It  is  thought  that  a detailed  analysis  of  the  observed  reaction  kinetics 
might  allow  a clear-cut  distinction  to  be  made  between  these  possiblities.  As  shown 
in  Tables  2 and  3,  large  changes  were  observed  in  the  kinetic  parameters,  AG^  , AS^ 
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and  Ea  at  the  same  time  as  changes  were  observed  in  the  AHr  of  peak  I.  It  is  thought 
that  these  parameters  contain  significant  information  on  the  nature  of  the  precipi- 
tate phase,  i.e.,  structure,  size,  distribution,  etc.,  and  that  the  changes  in  these 
parameters  can  be  used  to  help  in  understanding  the  nature  of  the  particle-disloca- 
tion  interaction.  Therefore,  detailed  structural  models  are  being  developed  to 
allow  interpretation  of  the  observed  changes  and  to  assist  in  the  microstructural 
interpretation  of  the  effects  of  fatigue  on  precipitates. 

Further  effects  of  fatigue  cycling  on  the  T6X  microstructure  were  noted.  Peak 
IIA,  thought  to  be  caused  at  least  in  part  by  the  formation  of  n' (Ref . 19),  decreased 
slightly  with  increasing  fatigue  exposure  (c. f . AHr  in  Table  3).  Peak  IIB,  due  to 
the  formation  of  n»  was  similarly  affected,  but  to  a lesser  extent.  However,  peak 
III,  due  to  the  dissolution  of  ri , was  unchanged.  Although  of  marginal  nature,  these 
results  indicate  that  a small  amount  of  overaging  occurred  during  the  fatigue  cy- 
cling; i.e.,  the  same  total  amount  of  r|  dissolved  during  the  DSC  run,  but  less  r) * 
and  ri  were  formed.  Thus,  fatigue  must  have  caused  some  growth  of  the  existing  r|' 
and  r|*  This  might  occur  naturally  because  of  the  increased  supersaturation  of  the 
matrix  solid  solution  in  the  event  that  fatigue  caused  reversion  of  GP  zones. 

Perhaps  the  most  curious  aspect  of  these  results  was  the  observation  that  fa- 
tigue cycling  had  only  a small  effect  on  peak  I in  T73651.  The  only  significant 

. 

effect  observed  for  this  peak  was  a small  decrease  in  AHr  after  +2%  strain  to  fail- 
ure. The  decrease  in  AHr  is  most  simply  explained  as  a decrease  in  volume  fraction 
of  precipitate,  as  discussed  above.  In  this  temper,  peak  I is  mainly  due  to  the 
dissolution  of  the  pre-existing  n'  phase,  with  some  contribution  from  GP  zones  (Refs. 
19,  20).  The  n'  precipitate  has  been  proposed  to  be  coherent  on  {111}  (Ref.  22), 
and  is  generally  held  to  be  shearable  (Refs.  6,  23).  This  observation  indicates 
that  after  equivalent  fatigue  cycling,  the  n ' of  T73651  did  not  revert  whereas  the 
GP  zones  of  T6X  did.  Either  r)'  is  not  sheared  during  low  cycle  fatigue,  or  the 
average  particle  size  is  not  reduced  to  the  point  where  the  n'  becomes  unstable  and 
dissolves  (reverts).  A large  change  in  average  particle  size,  however,  should  have 
caused  a significant  change  in  the  reaction  kinetics  and  hence  the  activation  param- 
eters, which  was  not  observed.  Previous  experiments  have  shown  that  the  dissolution 
of  n'  in  overaged  7050  occurred  with  an  unusually  low  activation  energy  and  an  un- 
usually high  activation  entropy.  These  values  were  significantly  different  from 
those  of  r|'  in  overaged  7075  or  RX720  (Ref.  20).  The  kinetic  parameters  for  dissolu- 
tion of  n’  in  7050  were  more  typical  of  the  dissolution  of  n in  7000  series  alloys 
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than  of  n'  (Ref.  20).  Thus,  the  current  results  which  indicate  that  n'  in  7050  is 
not  shear able,  support  the  previous  observations  and  lead  to  the  conclusion  that  the 
n'  in  7050  is  significantly  different  from  the  n'  in  7075  or  RX720.  These  observa- 
tions of  a significantly  different  effect  of  fatigue  cycling  on  two  nominally  shear- 
able  precipitates  (GP  zones  and  n')  may  also  help  to  explain  some  of  the  controversy 
that  exists  concerning  the  effect  of  fatigue  on  shearable  precipitates  (Refs.  9 -13, 
17,  18). 
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5.  CONCLUSIONS 

1.  The  results  obtained  in  this  study  lead  to  the  suggestion  that  a calorimetric 
fatigue  gauge  could  be  devised.  A small  coupon  of  7050-T6X  attached  to  a struc- 
ture would  sense  fatigue  excursions  and  accumulate  fatigue  damage.  It  would 
sense  only  those  excursions  whose  strain  amplitude  was  above  the  elastic  limit 
of  7050-T6X  (approximately  0.7%  strain).  Subsequent  thermal  analysis  of  the 
coupon  would  indicate  what  percentage  of  the  low  cycle  fatigue  lifetime  had 
been  expended. 

2.  Low  cycle  fatigue  of  7050-T6X  causes  a significant  reduction  in  the  heat  evolved 
during  subsequent  dissolution  of  pre-existing  GP  zones,  whereas  is  unaffected 
by  similar  fatigue  exposure.  A particle  cutting  mechanism  is  likely  to  be  re- 
sponsible for  these  effects. 

3.  Thermal  analysis  provides  a kinetic  description  of  the  precipitate  dissolution 
process,  but  current  understanding  of  the  kinetic  parameters  is  not  detailed 
enough  to  allow  a definitive  microstructural  interpretation. 
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